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The CMS collaboration has recently reported a 2.8σ excess of eejj events with an invariant
mass around 2 TeV. This observation can be explained in the context of standard model extensions
with new gauge bosons W ′, Z′ and heavy neutrinos coupling (mainly) to the electron. We discuss
additional signals that allow to confirm or discard the W ′ and Z′ hypotheses.
The search for physics beyond the standard model
(SM) is one of the flagship programs of the CERN Large
Hadron Collider (LHC). Among the various new physics
scenarios leading to the SM as a low-energy limit, mod-
els that incorporate a mechanism to generate light neu-
trino masses —in particular, a seesaw mechanism— are
of special interest, since neutrino masses require physics
beyond the SM. The new degrees of freedom involved
in neutrino mass generation may also play a crucial role
in the explanation of the observed baryon asymmetry
of the Universe through the mechanism of leptogene-
sis (see [1] for a review), and also enhance the rates
of SM-suppressed lepton flavour violating decays like
µ→ eγ [2]. Therefore, potential LHC discoveries in this
direction may have wide implications on physics at the
high intensity frontier as well as on cosmology.
Recently, the CMS collaboration has reported a 2.8σ
excess [3] in the search of heavy neutrinos mediating a
type-I seesaw [4] in the context of left-right (LR) symmet-
ric models [5]. One of the main features of these models
is the existence of new heavy gauge bosons W ′, Z ′ (also
often denoted as WR, ZR), which are the right-handed
(RH) counterparts of the SM left-handed (LH) W± and
W 3 bosons. At the same time, new heavy neutrinos natu-
rally fit in SU(2)R doublets together with the RH charged
lepton fields, being their charged interactions described
by
L = − g
′
√
2
V RℓN ℓ¯Rγ
µNRW
′−
µ
− g√
2
V LℓN ℓ¯Lγ
µNLW
−
µ +H.c. . (1)
Here, g, g′ are the SU(2)L,R gauge couplings, respec-
tively; ℓ = e, µ, τ and V L,RℓN denote the ℓN mixing pa-
rameters in the LH and RH sectors. The RH mixings are
of order unity, satisfying |V ReN |2 + |V RµN |2 + |V RτN |2 = 1.
On the other hand, V LℓN are seesaw-suppressed. The LH
mixing effects in neutrino decays are subleading except
when the W ′ boson is much heavier than the neutrino,
MW ′ ≫ mN [6]. Consequently, RH interactions deter-
mine the production and decay modes of the heavy neu-
trino. The particular process targeted by the CMS search
is
pp→W ′ → ℓiN → ℓiℓkW ′∗ → ℓiℓkjj , (2)
which can take place if mN < MW ′ [7]. The produced
heavy neutrinos undergo a three-body decay N → ℓkqq¯′,
with qq¯′ = ud¯, cs¯, tb¯ leading —among other signatures—
to a final state with two charged leptons and two jets,
with an invariant mass mℓiℓkjj ∼ MW ′ . The CMS Col-
laboration reports a 2.8σ excess in the dielectron channel
(ℓiℓk = ee), atmeejj ∼ 2 TeV, with almost all events hav-
ing opposite-sign leptons, and no excess in the dimuon
channel. (The eµ and τ lepton channels have not been
analyzed.) The cross section of the excess can be triv-
ially fitted with a heavy neutrino coupling to the electron
VeN ≃ 1 and g′/g ∼ 0.6 [8], which also helps evading lim-
its on W ′ production in dijet and tb¯ final states [9] and
relaxes indirect limits on the W ′ mass [10]. However, the
CMS Collaboration claims that the kinematics of the ex-
cess —here implicitly assuming that N couples only to
the electron— is apparently not consistent with (2) since
no localized excess in other unspecified distributions are
found.
In this Letter we address the interpretation of this ex-
cess in terms of process (2) but with a general flavor
structure. In particular, we allow a sizable mixing V RτN ,
which smears the kinematical distributions as a fraction
of the dielectron events result from ℓiℓk = eτ, τe with
subsequent τ decay. In addition, we consider the excess
in the context of heavy neutrino pair production medi-
ated by a new neutral boson Z ′,
pp→ Z ′ → NN → ℓiWℓkW , W → jj , (3)
which has a different kinematics with two more jets in
the final state. This signal has already been considered
in another context [11].
Let us first discuss, based on available experimental
data, the possible new physics sources of the CMS eejj
excess. The non-observation of a µµjj excess hints to a
non-universal flavor structure, with the presence of a new
particle that mainly couples to the electron, and negli-
gible coupling to the muon. A sizable coupling to the τ
lepton is also acceptable but cannot be dominant, other-
wise a signal would appear with similar strength in dielec-
tron and dimuon final states from τ decays. If this new
particle is a heavy neutrino, it must be of quasi-Dirac na-
ture, since for heavy Majorana neutrinos e+e− and e±e±
events would be produced with the same rate. (Inter-
2estingly, a heavy quasi-Dirac neutrino is the most natu-
ral possibility to yield light neutrino masses mν ∼ 1 eV
with heavy mediators at the TeV scale, within an inverse
seesaw mechanism [12].) A new charged lepton is also
possible [11] but we will not consider it, as it is not re-
lated to light neutrino mass generation (and the results
are qualitatively very similar to the case of a heavy neu-
tral lepton). Another possible interpretation is in terms
of leptoquarks, and the CMS Collaboration has actually
found a 2.4σ excess in searches for leptoquarks in the eejj
final state [13], although the kinematical distributions are
claimed not to be consistent with that hypothesis.
The cross section of the excess, σ ∼ 0.75 fb at an in-
variant mass around 2 TeV, also suggests the presence
of new gauge interactions. In the minimal type-I see-
saw the stringent limits on heavy neutrino mixing [14]
lead to tiny production cross sections [15]. In inverse
type-III seesaw, the cross sections at this mass scale are
a factor of 20 smaller [16]. Thus, new charged (W ′) or
neutral (Z ′) interactions seem to be involved in resonant
heavy neutrino production. The former scenario corre-
sponds to the model and process used as benchmark in
the CMS analysis, although any new W ′ boson coupling
to quarks and to ℓN , and not coupling to ℓν, would give
a similar signal. In the latter case, the new Z ′ boson
must couple to quarks and not to the SM leptons so that
Z ′ → e+e−, µ+µ− are absent and the stringent limits
from these searches [17, 18] do not apply. On the other
hand, process (3) requires the Z ′ boson to couple to N .
An example of leptophobic Z ′ boson coupling to heavy
neutrinos is given by E6 models [19], and we will use this
benchmark for our study. The interaction Lagrangian
involved in the production is
L = −g′QN¯γµNZ ′µ , (4)
with Q = 3/(2
√
6). The charged-current heavy neutrino
decay takes place through the small mixing with LH lep-
tons, i.e. the second term in Eq. (1). Additional decay
modes N → Zν, N → Hν are also present (see [20] for a
review).
For the sake of simplicity of our analysis, we have con-
sidered the case of only one heavy neutrino N that can
be produced through process (2) or (3), and can mix with
the three SM charged leptons. In the case of the W ′ bo-
son, the cross sections for different lepton flavors depend
on VℓN ≡ V RℓN (remember that these mixings satisfy the
unitarity constraint), whereas for the Z ′ only the normal-
ized quantities VℓN ≡ V LℓN/
√
|V LeN |2 + |V LµN |2 + |V LτN |2
are relevant, since the dependence on the sum of moduli
squared mixings cancels with the N width in the propa-
gator. We have performed a fast simulation analysis us-
ing the leading-order (LO) generator Triada [21] for the
signal, Pythia 6.4 [22] for hadronisation and PGS 4 [23]
for the simulation of a generic LHC detector. The LOW ′
and Z ′ cross sections are scaled to next-to-leading order
predictions by factors k = 1.15 [24] and k = 1.3 [25],
respectively. The efficiencies for electrons and muons are
slightly tuned to the ones in the CMS search by sim-
ulating W ′ samples for MW ′ = 2.5 TeV, mN = 1.25
TeV and applying the same selection cuts on charged lep-
tons and jets in [3]. Then, for several W ′ and Z ′ masses
close to the CMS excess region, namely M ≃ 2 TeV, we
have simulated samples corresponding to all flavor com-
binations ℓi, ℓk = e, µ, τ , including all possible heavy-
neutrino decays, i.e. W ′∗ → ud¯, cs¯, tb¯ in the W ′ model,
and N → ℓW, νZ, νH in the Z ′ model. For the W ′ (Z ′)
signal we take mN = 1 TeV (mN = 0.5 TeV).
We find the favored mixing of the heavy neutrino by
performing a χ2 analysis analogous to the ones in [26, 27].
We consider the signal events in four bins 1.8 TeV ≤
mℓℓjj ≤ 2.2 TeV and 2.2 TeV ≤ mℓℓjj ≤ 4.0 TeV, with
ℓℓ = ee, µµ, and denote them collectively as ‘X ’. For each
sample ℓiℓk an overall efficiency ǫ
ℓiℓk
X —which includes
the appropriate branching ratios— is determined as the
fraction of simulated events passing the CMS selection
cuts, and falling in each of the four bins X . Then, the
number of expected signal events in each bin X is:
SX =
(
g′
g
)2
σtot L
∑
ℓiℓk
ǫℓiℓkX |VℓiN |2|VℓkN |2 , (5)
with σtot the total ℓN (NN) production cross section
for g′ = g and L the integrated luminosity, which in the
present case is L = 19.7 fb−1. In the fit, the number
of observed events N and expected background B are
Nee = 14(4), Bee = 4.1(2.3), Nµµ = 6(3), Bµµ = 6.0(2.1)
for the lower (higher) mass bins [3].
We present in Fig. 1 the fit results for two massesM =
2.2 TeV, 2.0 TeV and g′ = g, which is allowed by dijet
measurements [29], W ′ → tb¯ [30] and tt¯ [31] resonance
searches for these masses. In all cases the variation of
the χ2 around the minimum is rather mild so, instead of
displaying the best-fit points, we show a region with χ2 <
0.1. For both the W ′ and Z ′ hypotheses, the fit is better
for M = 2.2 TeV. For the W ′ case the size of the signal
can be accommodated with a non-zero mixing with the τ
lepton which, as we will see below, smears the kinematical
distributions. Whereas, for the Z ′ the mixing with the
electron must be dominant since the signal is smaller.
Notice also that while, in principle, a considerable µN
mixing is allowed by the fit to CMS data, the conservative
bound coming from Br(µ → eγ) [28] constrains VµN to
be small in the case of the W ′. (In the Z ′ case the cross
section is independent of the absolute normalisation of
the mixings, so the µ→ eγ constraints can be evaded for
small enough V RℓN .) The bounds on τ → eγ are fulfilled
for any values of the mixing parameters.
Provided VµN is small, the size of the dielectron signal
is controlled by the ratio g′/g and the mixing VτN . We
present in Fig. 2 the allowed regions in the (VτN , g
′/g)
plane for M = 2.2 TeV and VµN = 0, together with the
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FIG. 1. Limits on heavy neutrino mixings at 1σ and with
∆χ2 < 0.1 for M = 2.2 TeV (light and dark green shaded
regions, respectively) and M = 2 TeV (dashed-line delim-
ited regions) in the (VeN , VµN ) (top) and (VeN , vτN ) (bottom)
planes. In the top panel we display the limit from µ→ eγ on
the mixing in the W ′ model [32] for illustration.
95% confidence level upper limits on g′/g that result from
dijet and tb¯ production in the case of the W ′ (solid hor-
izontal line), and from dijet and tt¯ resonant production
for Z ′ (dashed horizontal line). We observe that there
is enough room to fit the size of the dielectron excess
with couplings g′ ∼ g and various sizes of VτN , including
VτN = 0.
Having shown that the size of the possible signals in the
two eejj invariant mass bins can be accommodated by
W ′ or Z ′ production in various mixing scenarios, we turn
our attention to differential distributions, which have mo-
tivated the CMS claim that the excess is not likely due
to the process (2). We present the relevant distrubutions
for the W ′ and Z ′ signals in Fig. 3 for M = 2.2 TeV,
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FIG. 2. Same as in Fig. 1 but in the (VτN , g
′/g) plane. The
solid (dashed) horizontal line corresponds to the upper limit
on g′/g that result from dijet and tb¯ (dijet and tt¯ resonant)
production in the W ′ (Z′) case.
g′ = g, VµN = 0 and VeN = 0.6(1) for W
′ (Z ′). The first
one to consider is the eejj invariant mass (left), which
obviously peaks around 2.2 TeV forW ′, as expected from
the kinematics in (2). A small “shoulder” at lower meejj
is present due to the missing energy in decays involving
one τ lepton. But, remarkably, meejj also peaks around
2.2 TeV for the Z ′, despite these events have two ex-
tra jets at the partonic level. The reason is that when
defining meejj the two jets with larger transverse mo-
mentum are chosen, making this quantity close to the Z ′
reconstructed mass, which involves two more jets. The
dilepton invariant mass mee distribution (central panel)
seems to agree with the one observed in [3] for both the
W ′ and Z ′ cases. We point out that, for W ′, the en-
hancement at low mee is produced by events involving
a τ lepton; if VτN = 0 the distribution has a maximum
around mee = 1 TeV. (This distribution also depends
on the heavy neutrino mass, and for larger mN it be-
comes flatter.) Finally, in Fig. 3 (right) we present the
heavy neutrino mass reconstructed under the hypothesis
of W ′ production (2). Since one does not know a priori
which of the two electrons results from the N decay, one
can consider the invariant mass of the two combinations
me1jj , me2jj , obtaining a plot with two entries per event,
which for W ′ production displays a peak at mN = 1 TeV
(the actual value used in our simulation) whereas it is
flat for Z ′ production. This distribution has not been
made available in the CMS analysis, therefore it is dif-
ficult to conclude whether data prefers one or the other
interpretation. However, we point out that for the W ′
benchmark the heavy neutrino peak contains 10 events
out of 18, so it is not at all obvious that with the avail-
able statistics it should necessary show up. In any case,
for Z ′ production there is no such peak.
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FIG. 3. Invariant mass distributions for two selected benchmarks, taking VµN = 0. Left: eejj invariant mass. Center: dilepton
invariant mass. Right: heavy neutrino reconstructed mass under the W ′ production hypothesis.
To conclude, we remark that if the CMS excess is due
to either of the W ′ or Z ′ production processes discussed,
trilepton signals should also show up with a moderate in-
crease in the statistics and/or a dedicated search. In the
case of W ′, 1/3 of the N decays in (2) involve a tb¯ pair,
which is a trademark for this process. With the statis-
tics available in the LHC run 2, final states eetb¯ with
reconstructed top quarks could be searched for. In the
case of Z ′, trilepton and four lepton signals appear when
one or the two W bosons in (3) decay leptonically. In
both scenarios, the predicted signals are compatible with
small excesses found by the CMS Collaboration [33], but
this should be confirmed or discarded with more statis-
tics. Searches in the eµ final state are also interesting, as
potential excesses may show up in this channel too. Con-
versely, the absence of a signal would further constrain
the heavy neutrino coupling and mixing parameter space.
In this respect, a classification of ℓℓjj events by missing
energy is also useful [26] to identify the secondary leptons
from τ decays.
In summary, in this Letter we have addressed two
possible interpretations of a CMS excess [3] in terms
of a new W ′ or Z ′ boson and a heavy neutrino, in a
general flavor mixing context. We stress that, from
the theoretical point of view, there is no compelling
argument in favor of heavy neutrinos mixing with only
one charged lepton. On the contrary, in view of the large
mixing observed in neutrino oscillations, non-zero mixing
with the three lepton generations is somehow expected.
Actually, the interpretation of the excess in terms of a
W ′ boson and a heavy neutrino is more consistent with
data within this more general framework. On the other
hand, even if the W ′ interpretation proves to be incor-
rect —due to the absence of enhancements in certain
kinematical distributions— the Z ′ hypothesis explains
the CMS observation without producing other kine-
matical peaks apart from themeejj one already observed.
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